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Abstract
A number of authors have made the claim that dyslexia is the result of a deficit in the magnocellular part of the visual system.
Most of the evidence cited in support of this claim is from contrast sensitivity studies. The present review surveys this evidence.
The result of this survey shows that the support for the magnocellular deficit theory is equivocal. In the case of spatial contrast
sensitivity there clearly are results that are consistent with the magnocellular deficit theory; however, these results are outnumbered
both by studies that have found no loss of sensitivity and by studies that have found contrast sensitivity reductions that are
inconsistent with a magnocellular deficit. Many of the studies of temporal contrast sensitivity are also difficult to reconcile with
a magnocellular deficit. The evidence from studies of contrast sensitivity is therefore highly conflicting with regard to the
magnocellular system deficit theory of dyslexia. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Over the course of the last two decades many re-
searchers have found visual abnormalities associated
with dyslexia1. This has been interpreted as an indica-
tion that dyslexia may be the result of a visual defi-
ciency. The exact nature of this deficiency and its
potential relationship to dyslexia is not clear. At present
the most widely accepted theory is that dyslexic readers
suffer from a deficit in the magnocellular system. The
visual system is divided into two largely parallel
streams: the magnocellular and parvocellular systems.
The parvocellular system mediates color vision and the
perception of fine spatial details. The magnocellular
system responds to rapid changes in visual stimulation
such as those caused by moving stimuli. The magnocel-
lular deficit theory of dyslexia postulates that dyslexia is
the result of reduced sensitivity in the magnocellular
system.
The magnocellular deficit theory of dyslexia (origi-
nally known as the transient system deficit theory, see
below), as it has been most commonly expressed (Love-
grove, Martin & Slaghuis, 1986a; Lovegrove, Garzia &
Nicholson, 1990; Livingstone, Rosen, Drislane & Gal-
aburda, 1991; Lovegrove, 1991; Breitmeyer, 1993),
takes as its starting point the well known fact that
reading is characterized by a number of brief fixations
separated by small saccades (Rayner, 1978). The mag-
nocellular system deficit theory postulates that the mag-
nocellular system suppresses the parvocellular system at
the time of each saccade. This suppression, it was
thought, causes the activity in the parvocellular system
to terminate so as to prevent activity elicited during one
fixation from lingering into that from the next fixation.
It was postulated that without this suppression the
parvocellular activity from different fixations would be
confused. In dyslexic readers, it was thought that this
suppressive effect was diminished or absent and that
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1 Dyslexia is sometimes referred to as Specific Reading Disability
(SRD). In the present report it will be assumed that ‘SRD’ and
dyslexia refer to the same condition.
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dyslexia was the result of a failure to keep separate
neural activity elicited during different fixations.
Essential to this theory is the postulate that the
parvocellular system is suppressed by the magnocellular
system at the time of each saccade. While it has long
been known that visual sensitivity is suppressed during
saccades (Matin, 1974; Volkman, 1986) it has only
fairly recently become clear that it is the magnocellular
system and not the parvocellular system, as postulated
by the magnocellular deficit theory, which is the target
of this suppression. A large number of studies (Volk-
man, Riggs, White & Moore, 1978; Burr, Holt, John-
stone & Ross 1982; Shiori & Cavanagh, 1989; Ilg &
Hoffman, 1993; Burr, Morrone & Ross, 1994; Anand &
Bridgeman, 1995; Bridgeman & Macknik, 1995;
Uchikawa & Sato, 1995; Burr & Morrone, 1996) have
demonstrated this unanimously. As has been previously
pointed out (Hogben, 1997; Skottun, 1997a,b; Skottun
& Parke, 1998), this makes it difficult to maintain the
magnocellular deficit theory in its original form. How-
ever, some researchers are now proposing alternative
hypotheses for how reading problems could result from
a magnocellular deficit (Stein & Walsh, 1997a). It seems
that these efforts are warranted only if there is strong
and convincing evidence that dyslexic readers show
reduced sensitivity in their magnocellular system. A
substantial part of the evidence bearing on this question
comes from contrast sensitivity studies. It is the goal of
the present article to review this evidence.
2. The magnocellular and parvocellular systems
The magnocellular:parvocellular division in particu-
lar and the general topic of parallel processing in the
visual system have been the subject of numerous re-
views (Lennie, 1980; Stone, 1983; Shapley & Perry,
1986; Livingstone & Hubel, 1988; Shapley, 1990;
Schiller & Logothetis, 1990; Merigan & Maunsell,
1993) and will be outlined here only briefly. The mag-
nocellular:parvocellular distinction is based on the
anatomical organization of the lateral geniculate nu-
cleus (LGN) of primates. This nucleus is divided into
six layers. The two ventral layers contain large neurons
and thus are called the magnocellular layers. The four
most dorsal layers, on the other hand, contain small
neurons and are called the parvocellular layers. Gener-
ally the magnocellular layers mediate the detection of
movement and rapid temporal changes in stimulation
while the parvocellular layers are specialized for detect-
ing fine shape and for color vision.
A number of psychophysical studies in the 1970s
(Kulikowski & Tolhurst, 1973; Tolhurst, 1973; Breit-
meyer & Julesz, 1975; Tolhurst, 1975a,b; Breitmeyer &
Ganz, 1977; Legge, 1978) indicated that detection of
low-spatial-frequency stimuli is mediated by a part of
the visual system that is highly sensitive to high tempo-
ral frequencies, has short temporal integration time (i.e.
short critical duration) (Breitmeyer & Ganz, 1977;
Legge, 1978), tends to respond to stimulus transients
(Breitmeyer & Julesz, 1975; Tolhurst, 1975a; Legge,
1978) and has short latencies (Breitmeyer, 1975). This
was referred to as the transient system. High spatial
frequency stimuli, on the other hand, are detected by a
part of the visual system with high sensitivity to low
temporal frequencies, sustained presentations, and long
temporal integration (i.e. long critical duration). This
was termed the sustained system. It is now generally
believed that the psychophysically-defined transient and
sustained systems match the anatomically-defined mag-
nocellular and parvocellular systems. Owing to this
belief, the theory which originally described the deficit
in the transient system (Lovegrove et al., 1986a, 1990)
has now been recast in terms of the magnocellular and
parvocellular systems (Stein & Walsh, 1997a, see also
Hogben, 1997). In the present review the terms tran-
sient system and sustained system are used mainly to
refer to human psychophysics (especially human psy-
chophysics from the 1970s) and channels defined in
terms of human psychophysics and the terms magnocel-
lular and parvocellular are used to refer to the anatom-
ically defined systems. However, a difference between
magnocellular and parvocellular systems on the one
hand and transient and sustained systems on the other
is typically not observed in the current dyslexia litera-
ture where psychophysical results are now interpreted
directly in terms of the magnocellular and parvocellular
systems.2
The contrast sensitivity curve for a human observer
represents the envelope of the contrast sensitivity curves
of the magnocellular and parvocellular systems. That is
to say, it represents the sensitivity of whichever of the
two systems is the more sensitive at any given spatial
and temporal frequency. This is illustrated in Fig. 1 for
a hypothetical spatial contrast sensitivity curve. The
spatial frequency at which detection switches from the
transient system to the sustained system (arrow in Fig.
1) was estimated by Legge (1978) to be about 1.5 c:deg.
Tolhurst (1975a) found the cross-over point to be some-
where between 0.2 and 3.5 c:deg. The results of Breit-
2 The terms ‘magnocellular’ and ‘parvocellular’ were introduced
into the dyslexia literature by Livingstone et al., 1991, and have been
in general use since about 1993–1994. While the terms ‘transient’ and
‘sustained’ are mainly used in connection with human psychophysics,
one can sometimes encounter these terms in association with neuro-
physiology of the cat’s visual system. However, it seems quite clear
that within the dyslexia literature these terms are primarily used in
reference to human psychophysics. Thus, when authors equate the
‘transient:sustained systems’ with the ‘magnocellular:parvocellular
systems’ they implicitly assume that the monkey neurophysiology
represents a valid model for human psychophysics. Given our current
knowledge, this seems to be a relatively reasonable assumption.
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meyer, Levi and Harwerth (1981) are in general agree-
ment with these observations. This value is also consis-
tent with the lesion studies in monkeys which have
found that contrast sensitivity loss following magnocel-
lular lesions are found mainly at and below about 1.0
c:deg (Merigan, Byrne & Maunsell, 1991a; see below).
Thus, one would predict that deficits in the magnocellu-
lar system would manifest themselves in reduced sensi-
tivity below 1.5 c:deg. In contrast, parvocellular system
deficits would be expected to cause sensitivity reduc-
tions above 1.5 c:deg. However, as will become clear,
the conclusions to be drawn in this survey regarding the
evidence for the magnocellular system theory from
contrast sensitivity studies are essentially independent
of a particular location of the cross-over point. The
reason for this is that a magnocellular deficit will,
irrespective of the location of the cross-over point,
manifest itself mainly and most pronouncedly at low
spatial frequencies while a parvocellular deficit, in con-
trast, will have the most pronounced effects at high
spatial frequencies.
It is important to keep in mind that contrast sensitiv-
ity is a measure of contrast detection. The cross-over
point therefore applies to threshold measurements and
cannot without qualification be applied to tasks involv-
ing suprathreshold stimuli. It is quite clear that when
using suprathreshold stimuli of sufficiently high power
it is possible to elicit sustained system responses to
stimuli having frequencies well below 1.5 c:deg and
transient system responses to stimuli well above 1.5
c:deg. Failure to distinguish between threshold and
suprathreshold data may therefore lead to incorrect
conclusions regarding the origin of any given observed
deficit. For instance, Stein and Walsh (1997b) have
claimed that reduced contrast sensitivity at 12 c:deg
could reflect a magnocellular system deficit since the
magnocellular system can be activated by stimuli of this
frequency. This is clearly an incorrect conclusion be-
cause contrast sensitivity, by all accounts (see, e.g. the
review of lesions studies below), is determined by the
parvocellular system at this spatial frequency. Conse-
quently, reduced contrast sensitivity (i.e. elevated con-
trast threshold) at this frequency would have to reflect
reduced sensitivity in the parvocellular system.3
3. Lesion studies of magno- and parvocellular systems
Over the last decade or so several investigators have
assessed the effects on contrast sensitivity of selectively
destroying either the magnocellular or the parvocellular
layers of the LGN of monkeys (Merigan & Eskin, 1986;
Merigan, 1989; Schiller, Logothetis & Charles, 1990a;
Schiller & Logothetis, 1990; Schiller, Logothetis &
Charles, 1990b; Merigan et al., 1991a; Merigan, Katz &
Maunsell, 1991b; Merigan & Maunsell, 1993). These
experiments have shown that lesions restricted to mag-
nocellular layers have relatively little effect on the over-
all contrast sensitivity (Schiller et al., 1990a,b; Merigan
& Maunsell, 1990; Merigan et al., 1991b; Merigan &
Maunsell, 1993). Reductions in contrast sensitivity fol-
lowing such lesions are mainly apparent when contrast
sensitivity is determined using stimuli having both low
spatial (e.g. 1 c:deg) and high temporal frequencies (e.g.
10 Hz) (Merigan et al., 1991a). There is evidence to
indicate that sensitivity to stimuli of either low spatial
or high temporal frequencies by themselves can be (and
may be even more severely) reduced following parvocel-
lular lesions (Merigan & Eskin, 1986; Schiller et al.,
1990a; Merigan et al., 1991b). For this reason reduced
contrast sensitivity to either low spatial frequency or
Fig. 1. Theoretical spatial contrast sensitivity curves for the magno-
cellular (M) and parvocellular (P) systems (solid lines) and their
‘envelope’ (dashed line). The envelope reflects the sensitivity of
whichever system is the more sensitive (i.e. has the lower threshold) at
any given spatial frequency (for the sake of simplicity probability
summation between the systems has been disregarded). The transition
point between the two systems is marked with an arrow. At frequen-
cies below this point detection is mediated by the magnocellular
system and at frequencies higher than this point detection is carried
out by the parvocellular system. As can be seen, although the
magnocellular system operates at frequencies above the transition
point it does not mediate contrast detection at these frequencies.
Since contrast sensitivity is a measure of threshold, contrast sensitiv-
ity loss at frequencies higher than the transition point are therefore
difficult to reconcile with a magnocellular deficit. The depicted theo-
retical contrast sensitivity curves represent cross sections through 3-D
spatio-temporal surfaces. The curves have been drawn so as to be
representative of cases where stimuli are presented with a rectangular
temporal profile.
3 The assertion that the magnocellular system mediates contrast
detection at high spatial frequencies (e.g. Stein & Walsh, 1997b)
would largely undermine the magnocellular deficit theory, at least
insofar as this theory is founded on the use of contrast sensitivity to
differentiate between magnocellular and parvocellular systems. How-
ever, the claim that the magnocellular system determines detection at
high frequencies appears to be directly contradicted by the lesion
studies in monkeys.
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high temporal frequency stimuli is by itself an imperfect
indicator of a magnocellular deficit.
In order for a particular case of reduced contrast
sensitivity to provide convincing evidence for a magno-
cellular deficit one needs to show not only that the
reductions are consistent with a magnocellular deficit
but also that they are not consistent with (or at the very
least are less consistent with) a parvocellular deficit.
How parvocellular lesions manifest themselves in terms
of contrast sensitivity is therefore highly relevant.
Merigan and Eskin (1986) and Merigan (1989) used
orally administered acrylamide monomer to cause sub-
stantial destruction of the parvocellular layers in mon-
keys. This resulted in a massive and uniform reduction
in contrast sensitivity to stationary gratings. The reduc-
tions were approximately uniform across all spatial
frequencies from well above 10 c:deg to below 0.5 c:deg
(Merigan, 1989). However, the deficits tended to de-
crease with increasing temporal frequency (Merigan &
Eskin, 1986). Only stimuli having both low spatial
frequency (:1.0 c:deg) and high temporal frequency
(:10.0 Hz) were unaffected by destruction of the
parvocellular layers (Merigan & Eskin, 1986) which
indicates that only these stimuli are detected by the
magnocellular system.
Merigan et al. (1991b) made localized lesions within
the parvocellular layers and found reduced contrast
sensitivity to 2.0 c:deg stationary stimuli (magnocellular
lesions, on the other hand, had no effect on the detec-
tion of these stimuli.). Consistent with these observa-
tions, Schiller et al. (1990a,b) found lesions in the
parvocellular layers to cause reduced sensitivity to
checkerboards at spatial frequencies as low as 1.0 c:deg.
The magnitude of the sensitivity loss increased with
spatial frequency.
These results show that the parvocellular system as a
whole tends to be more sensitive than the magnocellu-
lar system. This conflicts with the claim, sometimes
made in the dyslexia literature (e.g. Lovegrove, 1993),
that the transient system is more sensitive to contrast
than the sustained system4. Claims of this kind most
likely stem from the finding that individual magnocellu-
lar neurons are more sensitive (have lower contrast
thresholds) than do individual parvocellular neurons
(Livingstone & Hubel, 1988; Shapley, 1990). The most
parsimonious explanation of this apparent discrepancy
between individual cells and the systems as wholes is
that the sensitivities of the systems are to a large extent
determined by probability summation (Derrington &
Lennie, 1984). ‘Probability summation’ refers to the
fact that increasing the number of independent detec-
tors in a system increases the system’s overall sensitiv-
ity. According to this interpretation, the higher
sensitivity of the parvocellular system would reflect the
much larger number of neurons in this system (the
possibility of accounting for the discrepancy between
single cells and the overall systems in terms of probabil-
ity summation has been questioned by Shapley and
Perry (1986).
The fact that parvocellular lesions can create contrast
sensitivity loss at all (or most) spatial-frequencies may
create the impression that none of the contrast sensitiv-
ity studies of dyslexic readers had even the potential to
uncover magnocellular deficits. Such a conclusion
would most likely be an unwarranted over-reaction
since it has been demonstrated convincingly through
psychophysical studies that the transient system medi-
ates detection of low spatial frequency gratings pro-
vided these contain transients (i.e. abrupt onset and:or
offset) (Breitmeyer & Julesz, 1975; Tolhurst, 1975a,b;
Legge, 1978). The fact that it is possible to reduce
contrast sensitivity by lesioning the magnocellular lay-
ers also supports this conclusion (Merigan & Maunsell,
1990; Schiller et al., 1990a,b; Merigan et al., 1991a,b;
Merigan & Maunsell, 1993). However, the fact that
magnocellular deficits manifest themselves only at cer-
tain spatial-frequencies makes it important to map the
spatial-frequency dependence of any sensitivity loss. In
4 Single cell recordings from individual magnocellular neurons
showed that these cells have higher contrast gain than do parvocellu-
lar neurons (Shapley, 1990). This has been interpreted to mean that
these neurons are sensitive to lower contrast than the parvocellular
neurons and that there would be an interval along the contrast axis
— above the contrast threshold for the magnocellular system and
below the threshold for the parvocellular system — where only
magnocellular neurons would be activated. It was therefore assumed
that responses to low contrast stimuli would reflect the magnocellular
system. For instance, Livingstone et al. (1991) using low contrast
flickering checkerboard stimuli interpreted their finding that dyslexic
readers, as compared to controls, have smaller evoked potentials as
support for a magnocellular deficit. Eden, VanMeter, Rumsey,
Maisog, Woods & Zeffiro (1996) also used low contrast stimuli,
random dots in this case, in order to try to selectively stimulate the
magnocellular system. Lesion studies in monkeys have shown that
destructions restricted to the magnocellular system increase contrast
thresholds only to stimuli with low spatial (:1.0 c:deg) and high
(:10 Hz) temporal frequencies. Lesions of the parvocellular system
on the other hand elevate the contrast thresholds to all other stimuli
(Merigan & Eskin, 1986; Merigan, 1989; Merigan & Maunsell, 1990,
1993; Schiller et al., 1990a, b; Merigan et al., 1991a, b). The straight-
forward and most parsimonious interpretation of these findings is
that the magnocellular system determines contrast sensitivity only for
stimuli with low spatial and high temporal frequencies, while the
parvocellular system is the more sensitive to all other stimuli. This is
in general agreement with psychophysical data (e.g. Tolhurst,
1975a,b; Legge, 1978; Breitmeyer et al., 1981) which have found the
transient system to be the more sensitive to contrast below about 1.5
c:deg and with lesion studies in monkeys (Schiller et al., 1990a,b;
Merigan et al., 1991a) which have found contrast sensitivity to be
mediated by the magnocellular system at 1.0 c:deg and below. This
means that one cannot, without reference to spatial and temporal
parameters, assume that low contrast stimuli are detected by the
magnocellular system. The interpretation of results obtained with low
contrast stimuli which contain energy at many frequencies and orien-
tations (such as, e.g. random dot patterns or checkerboards) is
therefore complicated.
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order to provide convincing evidence for a magnocellu-
lar deficit one needs to show that a given reduction in
contrast sensitivity is confined to (or at least most
pronounced at) high temporal and low spatial
frequencies.
4. Review of studies
We now turn to the studies which have compared
contrast sensitivity in dyslexic and normal readers. The
studies are presented in chronological order, and spatial
and temporal studies are presented together. The brief
descriptions of the studies are followed by a summary
of the results.
The earliest study included in the present survey is
that of Lovegrove, Bowling, Badcock and Blackwood
(1980). These authors studied contrast sensitivity of
dyslexic readers and controls at four spatial frequencies
(2, 4, 12 and 16 c:deg) using nine different stimulus
durations (40, 60, 80, 100, 150, 200, 300, 500 and 1000
ms). It was found that the dyslexic readers tended to
have lower sensitivity than the controls. The reduction
in sensitivity tended to be largest at 4 c:deg and less at
both 2 c:deg and at the higher frequencies. All the
sensitivity reductions were in the range of spatial fre-
quencies where the parvocellular system normally medi-
ates detection (i.e. above :1.0–1.5 c:deg). In fact, all
the tested frequencies were in this range. It is therefore
debatable whether this study even had the potential to
uncover a magnocellular deficit (this study was at the
time not designed with the magnocellular deficit theory
in mind but has since been interpreted as providing
evidence for this theory, Lovegrove et al., 1990;
Borsting, Ridder, Dudeck, Kelley, Matsui & Mo-
toyama, 1996; Stein & Walsh, 1997a,b).
Lovegrove, Martin, Bowling, Blackwood, Badcock,
and Paxton (1982) (experiment 1) presented photo-
graphic prints tachistoscopically to determine the sensi-
tivity of dyslexic readers and controls to gratings of 2,
4, 8 and 16 c:deg using the same exposure times as were
used by Lovegrove et al. (1980) [The Methods section
of Lovegrove et al. (1982) (experiment 1) states that the
frequencies were 2, 4, 8 & 12 c:deg but the graph
presenting the data presents data for 2, 4, 8 and 16
c:deg. I have assumed that the plots are correct]. At all
exposure times the reading disabled readers showed
higher sensitivity to gratings of 2 c:deg. The sensitivity
to 4, 8 and 16 c:deg was about equal for the two
groups. This result appears to be approximately the
opposite of what one would expect from a magnocellu-
lar deficit.
In a second experiment, described in the same publi-
cation, Lovegrove et al. (1982) (experiment 2) used 500
ms exposures and a ‘blockwise tracking procedure’ to
estimate 75% accuracy and found that dyslexic readers
have reduced sensitivity to 2 and 4 c:deg gratings and
higher than normal sensitivity to higher frequency (i.e.
8 and 12 c:deg) stimuli. The results of this second
experiment appear more consistent with a magnocellu-
lar deficit. It therefore seems that the report by Love-
grove et al. (1982) contains evidence both consistent
with and inconsistent with a magnocellular deficit.
The finding of higher than normal sensitivity on the
part of dyslexic readers to stimuli of 8 and 12 c:deg was
subsequently interpreted by Lovegrove et al. (1986a) as
being the result of reduced tonic inhibition of the
sustained system by the transient system. However,
with some few exceptions (e.g. Martin and Lovegrove,
1984) the finding of elevated sensitivity to high spatial
frequency stimuli in dyslexics has not been generally
replicated.
Martin and Lovegrove (1984) tested the effect of
stimulus size and luminance on spatial contrast sensitiv-
ity for dyslexic and normal readers. When using small
(2 deg diameter) stimuli the dyslexic readers showed
reduced sensitivity at 1, 2 and 4 c:deg. Consistent with
a magnocellular deficit these reductions were largest at
1 c:deg. Increasing the stimulus size to 8 deg made the
sensitivity reductions substantially smaller (however,
the authors down played the effects of stimulus size). In
a separate experiment the average luminance of a 4 deg
diameter stimulus was increased from 3.4 to 103 cd:m2.
This caused sensitivity reductions to extend to higher
spatial frequencies. In fact, quite pronounced deficits
were apparent at 8 c:deg. It may be tempting to think
that the explanation for this extension to higher fre-
quencies is that the increase in luminance caused the
spatial frequency at which detection moves from the
magnocellular to the parvocellular system (i.e. the ar-
row in Fig. 1) to shift to a higher frequency. It appears
that this cannot be the full explanation since Tolhurst
(1975a), using essentially the same luminance level (i.e.
100 cd:m2), found that the sustained system mediates
detection at frequencies as low as 3.5 c:deg. Loss of
contrast sensitivity at 8 c:deg at a luminance level of
103 cd:m2 is therefore difficult to reconcile with a
magnocellular deficit.
Lovegrove, Slaghuis, Bowling, Geeves and Nelson
(1986b) examined the use of contrast sensitivity early in
life (average age 5 years 11 months) as a predictor of
later (about 2 years later) reading ability. The study
found a moderate although significant correlation be-
tween the two measures. This was interpreted as evi-
dence for a transient system deficit in the specifically
reading disabled readers. There are two problems asso-
ciated with this interpretation: (1) the study did not
specifically address dyslexia or specific reading disabil-
ity; and (2) the measure of contrast sensitivity was a
combined score of sensitivity to stationary 2 and 4
c:deg gratings. As has been pointed out above, station-
ary gratings at both of these frequencies would typically
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be detected by the parvocellular system. It could there-
fore be argued that this study suggests a correlation
between parvocellular contrast sensitivity and reading
ability.
Of particular interest is the study of Martin and
Lovegrove (1987) since it determined both spatial and
temporal contrast sensitivity functions for dyslexics and
controls. Temporal contrast sensitivity was studied with
a grating of 2 c:deg (i.e. close to the spatial-frequency
where detection shifts from the magnocellular to the
parvocellular system). The results showed reduced tem-
poral contrast sensitivity on the part of the dyslexic
readers. Consistent with a magnocellular deficit the
magnitude of this sensitivity reduction increased with
temporal frequency from 5 to 25 Hz. Spatial contrast
sensitivity was also studied, using gratings flickering at
20 Hz. Again, the dyslexic readers were found to have
reduced sensitivity. The magnitude of this reduction
tended to increase with spatial frequency. This finding
appears to conflict with the magnocellular deficit as this
theory predicts the sensitivity loss to be largest at the
lowest spatial frequencies. Thus, overall the results of
Martin and Lovegrove (1987) are ambiguous with re-
gard to a magnocellular deficit.
In a subsequent paper Martin and Lovegrove (1988)
determined contrast sensitivity for dyslexic and normal
readers under three different stimulus conditions: static,
drifting, and counterphase flickering stimuli. This paper
also describes the masking effect of a uniform flickering
field on contrast sensitivity. Only the unmasked con-
trast sensitivity measures will be reviewed here. The
reason for this limitation is that the present review
considers only contrast sensitivity studies. Studies that
have examined the effect of masking on contrast sensi-
tivity are considered to be masking studies). When
tested with the static stimuli the dyslexic readers
showed reduced sensitivity at 1, 2 and 4 c:deg. The
reductions were largest at 4 c:deg. In light of the finding
that contrast sensitivity to spatial frequencies higher
than approximately 1.5 c:deg (Legge, 1978) is mediated
by the sustained system and that sensitivity to compo-
nents with spatial frequency above about 1.0 c:deg is
mediated by the parvocellular system (Schiller et al.,
1990a,b; Merigan et al., 1991a), these results appear to
be at odds with a magnocellular deficit. In the second
experiment using gratings drifting at 6 Hz, no signifi-
cant differences between the two groups of subjects
were found. This is of some significance since sensitivity
to drifting stimuli have been shown to be particularly
vulnerable to magnocellular lesions (Merigan et al.,
1991a). On the other hand, using 6 and 20 Hz counter-
phase flickering gratings, there was a tendency for
dyslexic individuals to have lower sensitivity. As in the
case of the static stimuli the sensitivity reduction was
largest for gratings of 4 c:deg. In the case of 20 Hz
flicker, there were substantial sensitivity reductions to 8
and 12 c:deg stimuli. These results, which Martin and
Lovegrove (1988) characterized as ‘qualified support for
a deficit in the transient system’, do not quite match
what one would expect in the case of a magnocellular
deficit.
Brannan and Williams (1988) studied temporal con-
trast sensitivity, i.e. flicker sensitivity, for poor and
good readers. The relevant subjects in this study are
described as poor readers’, which may include dyslexic
readers, who were defined by reading one year below
grade level; Spache Diagnostic Reading Scales. Bran-
nan and Williams compare the results to those of
dyslexics and discuss their findings within the frame-
work of a transient system deficit. It seemed therefore
appropriate to include this study in the present
overview. Using uniform flickering fields surrounded by
an area matched in average luminance, these investiga-
tors found that poor readers showed reduced sensitivity
to stimuli modulating at all temporal frequencies tested
(i.e. 4, 8, 12, 16, 20 and 24 Hz). However there was a
clear tendency for the reductions to be most pro-
nounced for low and medium temporal frequencies (i.e.
4, 8 and 12 Hz). These results do not match the
predictions from a magnocellular deficit. The results,
however, could be indicative of a parvocellular deficit.
Part of the reason for thinking so is that the stimulus
used in this study would, during portions of each flicker
cycle, have introduced a sharp edge between the flicker-
ing field and the surround. This sharp edge would have
contained many spatial frequency components which
may have provided potent stimuli for the parvocellular
system5.
Hill and Lovegrove (1993) (experiment 1) using flick-
ering stimuli (20 Hz) compared spatial contrast sensitiv-
ity in dyslexics and controls at 0.3 and 6.0 c:deg at 11
cd:m2. They found no difference between the groups at
0.3 c:deg but a markedly reduced sensitivity on the part
of the dyslexics at 6.0 c:deg. This result appears to be
precisely the opposite of what one would predict for a
magnocellular deficit. Incomprehensibly, Hill and Love-
grove (1993) interpreted this as evidence in fa6or of a
transient system deficit! Hill and Lovegrove concluded:
‘SRDs demonstrated a transient system deficit… at the
high spatial frequency…’! If the reductions observed at
6 c:deg had been the result of a transient system or
magnocellular deficit one should have expected to find
an even larger deficit at 0.3 c:deg. The finding of a
deficit at 6.0 c:deg and no deficit at 0.3 c:deg is very
difficult to reconcile with a magnocellular deficit.
5 Merigan and Maunsell (1990) found that magnocellular deficits in
monkeys manifest themselves in reduced sensitivity to a temporally
modulated spatial ‘Gaussian blob’. Because the amplitude spectrum
of a Gaussian is itself a Gaussian, the amplitude spectrum of this
stimulus decreases with frequency. Thus, a spatial Gaussian, unlike a
flickering homogeneous field with sharp edges and a luminance
matched static surround, contains little energy at high spatial fre-
quencies.
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In a second experiment carried out at a mean lumi-
nance of 36 cd:m2 Hill and Lovegrove (1993) found no
significant difference between the dyslexics and controls
at either 0.3 or 6 c:deg.
Cornelissen (1993) compared spatial contrast sensi-
tivity for dyslexics and controls at 0.5, 1.5, 3.0 and 6.0
c:deg using both static and 20 Hz counterphase flick-
ered gratings. It was found (Fig. 5 of Cornelissen, 1993)
that the dyslexic readers had lower sensitivity to static
gratings of 1.5, 3.0 and 6.0 c:deg. The magnitude of the
sensitivity deficits tended to increase with spatial fre-
quency. This is the opposite of what would be expected
for a magnocellular deficit and may perhaps suggest a
deficit in the parvocellular system. In the case of coun-
terphase flickering stimuli, the dyslexic readers showed
a substantial sensitivity reduction at all spatial frequen-
cies. Although the reduced sensitivity to flickered stim-
uli is generally consistent with a magnocellular system
deficit, the lack of spatial frequency selectivity of this
reduction is not.
Atkinson (1993) studied contrast sensitivity of dyslex-
ics and controls using the Pelli–Robson contrast sensi-
tivity letter chart (Pelli, Robson & Witkins, 1988) in
which letters of various contrast are presented. Atkin-
son found reduced contrast sensitivity on the part of
dyslexics with monocular viewing but normal sensitivity
with binocular viewing. It is not clear how these results
relate to a magnocellular deficit.
Spatial contrast sensitivity was determined for
dyslexics and controls at 0.5, 1.5, 3.0 and 6.0 c:deg by
Mason, Cornelissen, Fowler and Stein (1993) using
static and 20 Hz counterphase flickering stimuli. The
authors divided the dyslexic group into two subgroups
depending on performance on the Dunlop test — a test
designed to measure ‘the stability of ocular dominance’.
The dyslexic readers showed reduced sensitivity to all
spatial frequencies under both static and flickering con-
ditions. The largest sensitivity loss was shown by the
subgroup which failed the Dunlop test. About equally
large sensitivity losses were found using 0.5 c:deg flick-
ering gratings and 6.0 c:deg static stimuli. In the latter
case the stimulus was almost certainly detected by the
parvocellular system. This study taken as a whole does
not provide compelling evidence for a magnocellular
deficit.
Using extended viewing of static stimuli, Evans,
Drasdo and Richards (1993, 1994); the two reports
appear to describe the same set of contrast sensitivity
data and are considered here as a single study) found
dyslexic readers to have, to some degree, reduced con-
trast sensitivity at all the tested spatial frequencies. The
reductions reached significance at 1, 2, 4, 6 and 8 c:deg
and appeared to be most pronounced at 2 c:deg which
is near the frequency at which detection changes from
the transient to the sustained system (i.e. 1.5 c:deg) and
from the magnocellular to the parvocellular system
(near 1.0 c:deg). Given the results of lesions studies in
monkeys and the continuous presentation of the stimuli
one would expect the parvocellular system to determine
contrast sensitivity for most of the stimuli included in
this investigation. Also, the pattern of sensitivity reduc-
tions is not unlike that found in monkeys after parvo-
cellular lesions (see, e.g. Fig. 6 of Merigan, 1989).
Therefore, these results seem to be more indicative of a
parvocellular than a magnocellular deficit.
Evans et al. (1993; 1994) also reported that dyslexic
readers have significantly reduced sensitivity to 10 Hz
flicker. This may seem to suggest a magnocellular
deficit but by itself this observation carries little infor-
mation. As a result of lesion studies in monkeys, it is
known that magnocellular deficits manifest themselves
only when the stimuli are of both low spatial fre-
quency and high temporal frequency. The stimulus
used by Evans et al. was a uniform flickering field
with a luminance-matched surround. As was pointed
out above in connection with the study of Brannan
and Williams (1988) such stimuli introduce sharp
edges during parts of each flicker cycle. These edges
may provide potent stimuli for parvocellular neurons.
In order to provide convincing evidence for a magno-
cellular system deficit it is important to demonstrate
that the magnitude of the sensitivity loss increases
with temporal frequency and decreases with spatial
frequency. Without knowing how the sensitivity loss
varies with spatial and temporal factors it is difficult
to interpret the isolated observation of reduced sensi-
tivity to 10 Hz flicker. Also, Evans et al. (1993) found
only a low correlation between flicker sensitivity and
spatial contrast sensitivity, indicating that it is unlikely
that the two types of sensitivity loss have a common
cause such as, e.g., a deficit in the magnocellular sys-
tem.
Walther-Mu¨ller (1995) studied contrast sensitivity in
dyslexics and controls using gratings of 1 and 12 c:deg
modulated at 16.8 Hz. He found only small differences
between the groups and no significant sensitivity loss
at either spatial frequency. This is of some importance
since a grating of 1 c:deg modulated at 16.8 Hz is
precisely the kind of stimulus one would expect to be
detected by the magnocellular system. It was to stimuli
similar to this that contrast sensitivity deficits were
detected following magnocellular lesions in monkeys
(Merigan & Maunsell, 1990; Merigan et al., 1991a).
Walther-Mu¨ller (1995) also studied the contrast
sensitivity to 5 and 25 Hz flicker using gratings of 2
c:deg. In neither of these conditions was there any
sensitivity loss on the part of the dyslexic readers.
These results do not provide support for a magnocel-
lular deficit.
Gross-Glenn, Skottun, Glenn, Kushch, Lingua, Dun-
bar, et al. (1995) studied contrast sensitivity in dyslexic
readers and controls at 0.6 and 12 c:deg. At both
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frequencies sensitivity was determined under two con-
ditions: (1) with stimuli having abrupt (i.e. transient)
onsets and offsets; and (2) with ramped stimuli (i.e.
the contrast was gradually increased and decreased).
When comparing the two sets of data it was apparent
that including the stimulus transients increased sensi-
tivity (about 2-fold) at 0.6 c:deg but not at 12 c:deg.
This indicates that the 0.6 c:deg stimuli were detected
by the transient system since this system is more sen-
sitive to stimulus transients (Breitmeyer & Julesz,
1975). Relative to the controls the dyslexic readers
showed no reductions in sensitivity to gratings of 0.6
c:deg. However, they did show reduced sensitivity to
12 c:deg stimuli when these were presented (with tran-
sients) for brief periods of time (i.e. 100 ms or
shorter). These results are difficult to reconcile with a
magnocellular deficit. Gross-Glenn et al. (1995) sug-
gested that the reduced sensitivity could be the result
of a more sluggish temporal summation. Others (Stein
& Walsh, 1997b) have taken this as evidence for a
magnocellular deficit. The problem with this interpre-
tation is that there is no evidence to indicate that the
magnocellular system under any conditions mediates
contrast detection for 12 c:deg stimuli (see also foot-
note 3). Thus, if one insists on interpreting these re-
sults within the magno- and parvo-cellular framework
one should have to conclude that these results suggest
sluggish temporal summation in the parvocellular
system.
Cornelissen, Richardson, Mason, Fowler, and Stein
(1995) determined contrast sensitivity for dyslexics
and controls using static and flickering (20 Hz) grat-
ings of 0.5, 1.5, 3.0 and 6.0 c:deg. They found little
difference between the dyslexics and controls under all
conditions except in the case of a flickering stimulus
of 0.5 c:deg to which dyslexics showed reduced sensi-
tivity. This would be consistent with a magnocellular
deficit. However, the difference between the groups
was not statistically significant and Cornelissen et al.
(1995) describe this experiment as a negative finding.
Since the experiment was performed at a fairly high
level of luminance (112 cd:m2) it was concluded that
evidence for magnocellular deficits can be found at
low (i.e. mesopic) luminance levels but not at high
(i.e. photopic) levels. This, however, does not seem to
fully account for these results since Martin and Love-
grove (1984) found contrast sensitivity loss for
dyslexic readers at a high level of luminance (i.e. 103
cd:m2).
Felmingham and Jakobson (1995) using 2 c:deg
gratings flickering at 5, 10, 15, 20 and 25 Hz found
dyslexics to have reduced temporal contrast sensitivity
relative to controls. In agreement with a magnocellu-
lar deficit this sensitivity reduction tended to increase
with temporal frequency.
Borsting et al. (1996) found low spatial frequency
(lower than 2 c:deg) contrast sensitivity loss amongst
dysphoneidetic dyslexics but not amongst dyseidetic
dyslexics. The sensitivity loss was present at temporal
modulations of 10 Hz. The results for the dyspho-
neidetic readers are in agreement with a magnocellular
deficit.
Demb, Boynton, Best and Heeger (1998) reported
finding reduced sensitivity to low spatial frequency
(0.4 c:deg; other frequencies were not tested) stimuli
in dyslexic readers relative to controls. However,
the difference between the two groups was relatively
small (contrast threshold of 0.7 and 0.78% for con-
trols and dyslexics, respectively — a difference of
about 0.05 log units) and was not statistically signifi-
cant. The fact that only one frequency was tested
further reduces the potential significance of this study
since this makes it impossible to form any opinion
regarding the spatial frequency dependence of the
deficit (see the comments on Evans et al., 1993, 1994
above).
As has become clear in the present overview the
evidence from contrast sensitivity studies for a mag-
nocellular deficit in dyslexia is highly conflicting. The
summary which follows represents an attempt to clar-
ify the degree to which the data are, or are not,
consistent with such a deficit.
5. Summary
5.1. Spatial studies
The results of the studies of spatial contrast sensi-
tivity studies are summarized in Table 1. In order to
facilitate an overview the studies have been grouped
into eight categories depending on the nature of the
sensitivity loss (or lack thereof). Some studies are not
easily classified. For instance, Martin and Lovegrove
(1988, 20 Hz flicker) found sensitivity loss at all spa-
tial frequencies, but found the largest loss at medium
frequencies (i.e. 4 c:deg) and a tendency for the sensi-
tivity loss to be larger at high spatial frequencies than
at low frequencies. This study has here been classified
as having a deficit which is most pronounced at high
spatial-frequencies. This study could alternatively have
been classified as one in which there are deficits at all
frequencies, or one could have created a separate class
for this study: deficits at all frequencies but which are
most pronounced at medium frequencies. This exam-
ple illustrates that there is a certain arbitrariness to
the grouping of the studies.
It should also be noted that the same published
article sometimes appears in more than one category.
This means that the paper in question contains more
than one study or experiment which gave different
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Table 1
Summary of spatial contrast sensitivity studiesa
LuminanceAge (D:C)Study RemarksN (D:C)
Category 1 ( f51.5 c:deg)
No studies
Category 2 ( fB8 c:deg)
14:14 12.5:12.5 10.3 Exp. 2Lovegrove et al. (1982)
Martin & Lovegrove (1984) 10.3; 3.4; 10312.914:14
1113.7:13.5 Static14:14Martin & Lovegrove (1988)
8:9 35:35 22.3 10 Hz: dysphoneideticBorstinget al. (1996)
Category 3 (2BfB8 c:deg)
10:10 14:14 2.2Lovegrove et al. (1980)
Category 4 ( f]6 c:deg)
10:5 –:–Hill & Lovegrove (1993) 11 Exp. 1
39:3818:21Gross-Glenn et al. (1995) 105
Category 5 (mainly high frequencies)
Martin & Lovegrove (1987) 14:14 13.7:13.5 11 Exp. 2
20 Hz flicker13:13 11Martin & Lovegrove (1988) 13.5:12.9
3 Static stimuliCornelissen (1993) 56:34 9.3:9.0
Category 6 (all frequencies)
11 6 Hz flickerMartin & Lovegrove (1988) 13:13 13.5:12.9
10.3Evans et al. (1993, 1994) 39:43 7.5–12.25
28:22 9.4:9.2 3 20 Hz flickerCornelissen (1993)
Exp.1: flicker & static3.822:11Mason et al. (1993) 8.9:9.3
Category 7 (no loss)
14:14Martin & Lovegrove (1984) 8 deg field10.312.9
14:14 13.7:13.5Martin & Lovegrove (1988) 11 6 Hz drift
12:12Hill & Lovegrove (1993) Exp. 2–:– 36
17:17 10.3:10.4 11 16.8 Hz flickerWalther-Mu¨ller (1995)
1129.9:9.714:14Cornelissen et al. (1995)
22.336:359:9 DyseideticBorsting et al. (1996)
Demb et al. (1998) 22.2:26.8 55:5
Category 8 (increased sensiti6ity to low frequencies)
5:5 12.5:12.25 1.5 Exp. 1Lovegrove et al. (1982)
a The first column identifies the study; the second column gives the number of subjects participating (N) (the two numbers separated by a slash
give first the number of dyslexics and second the number of controls), the third column gives the average chronological ages of the subjects (years)
(again the two numbers separated by a slash is the value for dyslexics followed by the value for the controls; in cases where there are two numbers
separated by a hyphen this gives the range of the ages without regard to group); the fourth column gives the mean luminance level of the stimulus
(cd:m2); and the fifth column gives additional remarks (largely information to further identify the conditions under which the results were
obtained). The letter f denotes the frequency at which a deficit was found. Category 5 which is characterized as ‘mainly high frequencies’ contains
studies which have found deficits at many frequencies but where the deficits are more severe at the high spatial frequencies.
The exact conclusions to be drawn from Table 1
depend on the criterion one elects to apply for counting
something as evidence for a magnocellular deficit. The
strictest criterion would be to accept only studies which
show reduced contrast sensitivity to only spatial fre-
quencies below 1.5 c:deg (i.e. the cross-over point deter-
mined by Legge, 1978). No studies meet this criterion.
Three studies have found traces of such deficits:
Borsting et al. (1996) studying dyseidetic dyslexics, Cor-
nelissen et al. (1995) using 20 Hz flicker, and Martin
and Lovegrove (1988) using 6 Hz drifting stimuli. In all
cases the deficits were very small (approximately 0.02
log units in the case of Martin & Lovegrove) and not
statistically significant and can therefore not be counted
as evidence for a deficit in the magnocellular system.
If one were willing to relax the criterion somewhat
results. In these cases the different experiments have
been considered as separate studies6.
6 This raises the question of what to count as two separate studies.
For instance, if one investigator repeated the same experiment (using
the same stimulus conditions and the same groups of subjects) and
obtained the same results, one would normally not think of this as a
separate study (or at least not as an independent study, as studies often
contain some degree of replication to verify the result). Now, consider
the case where some change was introduced into an experimental
paradigm, should one think of this as a separate study? And in this
case, how large would the change have to be? In Table 1, two results
from the same publication are listed as separate studies if the condi-
tions were sufficiently different to give results which differ in some
significant manner. There is therefore some degree of arbitrariness
associated with counting studies. This means that one should not place
too large an emphasis on the exact number of studies in each category
in Table 1. Rather this table should be used as a guide to the diversity
in the results.
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and accept all studies which show sensitivity reductions
at both low and medium frequencies and deficits which
are most pronounced at the lowest frequencies one can
increase the number of studies to four. This amounts to
only four out of 22 studies. It should be noted that this
low degree of support for the magnocellular deficit
theory does not depend on the specific position of the
cross-over point. Had the cross-over point been located,
e.g., at 5 c:deg instead of at 1.5 this would not have
increased the amount of support for the theory.
That there are only four out of 22 studies which are
in agreement with the magnocellular deficit theory does
not mean that there are 18 studies which necessarily are
in conflict with it. Out of the remaining 18 studies,
seven studies found no contrast sensitivity loss associ-
ated with dyslexia. Based on the lesion studies in mon-
keys, such negative results may be consistent with a
magnocellular deficit since the parvocellular system, in
many cases, determines contrast thresholds at all spatial
frequencies. On the other hand these seven studies can
not be taken as evidence for a magnocellular deficit
since these studies also are consistent with the absence
of any visual deficit.
The remaining 11 studies provide positive evidence of
various degree and shape against the magnocellular
deficit theory. These are studies which have found
deficits at only high spatial frequencies, deficits that are
most pronounced at high spatial frequencies, deficits at
all spatial frequencies, deficits confined to, or most
pronounced at, medium spatial frequencies, and in-
creased sensitivity at low frequencies.
To summarize, out of the 22 studies which have
investigated spatial contrast sensitivity in dyslexic read-
ers, four have provided results consistent with a magno-
cellular deficit, 11 studies have provided positive
evidence conflicting with this theory, and seven studies
are inconclusive. Examples of the diversity among the
data are shown in Fig. 2. It has recently been suggested
that magnocellular deficits may be associated with only
one subtype of dyslexia (Borsting et al., 1996) and that
magnocellular deficits are only manifest at low lumi-
nance conditions (Cornelissen et al., 1995). As has been
pointed out earlier (Skottun, 1997a) while these sugges-
tions may account for some negative findings they
cannot account for the large body (i.e. 11 studies by the
present count) of conflicting positive results.
5.2. Temporal studies
The most systematic study of temporal contrast sen-
sitivity in dyslexia is that of Martin and Lovegrove
(1987). This investigation showed contrast sensitivity
loss which increased with temporal frequency. In isola-
tion this finding suggests a magnocellular deficit. How-
ever, when testing the spatial frequency dependency of
the deficit at 20 Hz they found that the reductions were
largest at the highest spatial frequencies (Fig. 3A). This
aspect of the results would not be predicted based on a
magnocellular deficit. Martin and Lovegrove (1988)
compared spatial contrast sensitivity at 6 and 20 Hz
flicker. Increasing the flicker rate clearly increased the
sensitivity deficit of the dyslexic readers. However, the
sensitivity loss was in the medium to high spatial fre-
quency range (above 2.0 c:deg). Again, this is not
exactly consistent with a magnocellular deficit. These
results conflict with the findings of Cornelissen (1993)
which showed that relative to static stimuli, flickering
the gratings at 20 Hz increased the deficits at mainly
low spatial frequencies. While this effect of flicker is
consistent with the magnocellular deficit, the fact that
there was substantial sensitivity loss to both static and
flickering 6 c:deg stimuli suggests that a magnocellular
deficit is not the sole explanation for the sensitivity
losses found in that study.
Mason et al. (1993) found dyslexic readers to show
substantial contrast sensitivity loss to both static and to
20 Hz flickering stimuli. In both cases the losses were
relatively independent of spatial frequency. Walther-
Mu¨ller (1995) on the other hand was unable to find any
indication of contrast sensitivity loss to flickering 2
c:deg gratings at either 5 or 25 Hz.
As was pointed out earlier, the isolated observation
of reduced sensitivity to homogenous 10 Hz flicker
(Evans et al., 1994) is difficult to interpret because this
stimulus may have activated the parvocellular system.
The possible inclusion of parvocellular responses is a
problem which also applies to the work of Brannan and
Williams (1988). In that study the flicker rate was
varied and it was found that the deficits were largest at
the lowest temporal frequencies (Fig. 3B). That is to
say, the results were the exact opposite of what would
be expected from a magnocellular deficit (but may be
consistent with a parvocellular deficit). However, the
relevance of that study in the present context is reduced
somewhat by the fact that the subjects were identified
as ‘poor readers’ and not explicitly as dyslexics.
The work of Felmingham and Jakobson (1995) ap-
pears to be consistent with a magnocellular deficit. The
reason for thinking so is that the sensitivity loss tended
to increase with temporal frequency. These data were
obtained with a 2 c:deg grating which is very close to
the cross-over point between the magnocellular and
parvocellular systems. This means that detection may
have been mediated by the parvocellular system (for
instance, Felmingham and Jakobson found a marked
deficit at 5 Hz. A stimulus of 2 c:deg modulating at 5
Hz may well have been detected by the parvocellular
system).
It seems that the evidence from the temporal contrast
sensitivity studies is also quite conflicting. Like the
spatial data, the temporal studies do not provide un-
equivocal support for the presence of a magnocellular
deficit in dyslexia.
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Fig. 2. Spatial contrast sensitivity for dyslexics (solid lines) and controls (dashed lines). The source of each data set is identified in each panel. For
ease of comparison the data have been plotted using the same spatial frequency axis. The contrast sensitivity axes are logarithmic in all plots.
However, the plots differ with regard to the units used for the sensitivity axes. Thus, one cannot make direct comparisons of absolute sensitivity
between the panels. Panels A to H show data in increasing degree of conflict with the magnocellular deficit theory, ranging from data which are
consistent with the theory (A and B) to data which more or less directly contradict it (F, G and H).
6. Discussion
The present review has shown that the evidence from
contrast sensitivity studies for a magnocellular deficit
associated with dyslexia is highly conflicting. This may
come as a surprise as previous reviews of transient
system deficits (e.g., Lovegrove et al., 1986a, 1990) or
magnocellular deficits in dyslexia (e.g., Stein & Walsh,
1997a) have painted a picture of substantial empirical
support. In order to do so these reviews have tended to
downplay or outright disregard conflicting evidence.
For instance, Lovegrove et al. (1986a, 1990) invoked
the finding of low spatial frequency deficits reported by
Lovegrove et al. (1982) as evidence in favor of a
transient system deficit but did not mention that an-
other experiment described in the same publication
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gave results which were the exact opposite of what
would be predicted from such a deficit. Another way to
downplay the conflicts has been to characterize conflict-
ing findings as ‘negative results’ (Stein & Walsh, 1997a).
‘Negative results’ are relatively noncritical in that they
can be attributed to incorrect techniques, such as exper-
imental designs with insufficient sensitivity, etc., or
which (as was pointed out above) may, depending on
the stimulus conditions, be consistent with the theory.
While it is quite clear that there are a number of such
negative results (e.g. Martin & Lovegrove, 1988 drifting
gratings; Walther-Mu¨ller, 1995; Cornelissen et al.,
1995), a more critical challenge to the magnocellular
deficit theory comes from the large number of conflict-
ing positive results. These are studies which have, in
one way or another, found positive evidence which
conflicts with the predictions from the theory. Examples
of such conflicting positive results are the studies of
Lovegrove et al. (1980, 1982) (experiment 1), Martin
and Lovegrove (1987) (experiment 2), Hill and Love-
grove (1993) and Gross-Glenn et al. (1995). Among
these, the greatest challenge comes from studies which
have found deficits confined to medium (Lovegrove et
al., 1980) or high spatial frequencies (Hill & Lovegrove,
1993; and Gross-Glenn et al., 1995) or which are most
prominent at high spatial frequencies (Martin & Love-
grove, 1987, 1988). These studies are very difficult to
reconcile with a magnocellular deficit. Even though the
magnocellular system may operate at medium and even
relatively high spatial frequencies it is difficult to see
how a deficit to this system could manifest itself in
deficits at only (or mainly) medium and:or high spatial
frequencies. It would seem that if a magnocellular
deficit were to manifest itself at high spatial frequencies
it would also manifest itself at low frequencies. In fact,
one would expect the deficits to be more pronounced at
lower frequencies. Thus, a contrast sensitivity loss
which is most pronounced or only present at high
spatial frequencies is not consistent with a magnocellu-
lar deficit.
The lack of support for the magnocellular deficit
theory documented in the present review cannot be
attributed to the adoption of a cross-over frequency of
1.5 c:deg. This frequency was arrived at on the basis of
psychophysical data obtained under conditions com-
parable to the ones used in many of the studies of
contrast sensitivity in dyslexia as well as lesion studies
in monkeys. It may be that this point changes with
conditions; perhaps it may be shifted to higher spatial
frequencies under certain conditions. However, owing
to the very nature of the results obtained for dyslexic
readers the conclusions to be drawn are independent of
the location of the cross-over point. That is to say, if
one were to assume that the cross-over point was
located at a higher spatial frequency this would not
increase the support for the theory.
Also contributing to the impression of broad support
in previous reports may be the fact that most investiga-
tors have not asked the converse question, namely do
the data fit a parvocellular deficit. It seems that if one
wishes to discuss a given piece of data within the
framework of the magnocellular and parvocellular sys-
tems (or transient and sustained systems) one needs to
ask seriously both how well the data fit a magnocellular
deficit and how well they fit a parvocellular deficit, and
that is only after having answered both of these ques-
tions that one may be in a position to attribute a
particular finding to a deficit in one of the two systems.
This has rarely been done.
Fig. 3. Temporal contrast sensitivity. (A) Data for dyslexics (solid
lines) and controls (dashed lines) from Martin and Lovegrove (1987).
(B) Data for ‘poor’ (solid lines) and ‘good’ readers (dashed lines)
from Brannan and Williams (1988). Although these authors did not
specifically identify the poor readers as being dyslexic these data have
been included here because they have been discussed within the
framework of the transient system deficit theory and have been cited
as evidence in support of this theory (Williams & LeCluyse, 1990;
Lovegrove, 1993). Note that the temporal frequency axes are loga-
rithmic. There is a tendency in the dyslexia literature to use linear
temporal frequency axes (e.g. Martin & Lovegrove, 1987; Felming-
ham & Jakobson, 1995). A linear temporal frequency axis tends to
emphasize differences at high temporal frequencies. When replotting
the same data using the more conventional logarithmic axes some of
the differences between dyslexics and controls become less pro-
nounced. As was the case in Fig. 2, the sensitivity measures are
relative. One should therefore not make comparisons of absolute
sensitivity between the two panels.
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A further contribution to the impression of strong
evidence for the magnocellular theory may be the inclu-
sion of studies which have not specifically identified
dyslexic readers or individuals with specific reading
disability (SRD). Examples of reports of this type,
which have been interpreted as evidence for a magno-
cellular theory are the studies of Lovegrove et al.
(1986b); Brannan and Williams (1987, 1988) and Cor-
nelissen, Hansen, Hutton, Evangelinou, and Stein
(1998).
Looking to the future, it seems quite clear that there
is room for substantial improvements. Some improve-
ments are rather obvious. As was revealed above, a
number of the studies have not been optimally designed
for detecting a magnocellular deficit. For instance,
many have not involved spatial frequencies below 2
c:deg. Another significant improvement would be to
map both the spatial and temporal extent of the reduc-
tions in sensitivity. This is of some importance since it
is not sufficient simply to produce data which are
consistent with a magnocellular deficit; one also needs
to show that these data are inconsistent with (or at least
less consistent with) a parvocellular deficit. One way to
demonstrate this would be to show that the loss of
sensitivity occurs at high temporal and low spatial
frequencies and not at high spatial and low temporal
frequencies.
A useful stimulus for determining temporal contrast
sensitivity may be a flickering ‘Gaussian blob’ as was
used by Merigan and Maunsell (1990) to test monkeys
with magnocellular lesions. This stimulus has no sharp
edges at any time during the flicker cycle. Support for a
magnocellular deficit would be present if, when tested
with this stimulus, dyslexic readers were found to show
reduced contrast sensitivity at high but not at low
temporal frequencies. Also the use of a luminance-
matched surround should be discouraged. The reason is
that when presenting low spatial frequencies these will
introduce sharp edges at the transition between the
stimulus and its surround. These edges contain high
spatial-frequency components. Some form of ‘soft
edges’ of the stimulus field would eliminate this. Even
having a dark (black) area surrounding the test stimu-
lus is preferable to a luminance-matched surround.
Another improvement would be to provide plausible
evidence to indicate that the stimuli are actually de-
tected by the magnocellular system (at least in the case
of normal observers). This can be done in a number of
ways. One way is to take note of the effect of masking
the stimulus transients (as was done by Legge, 1978).
Such masking would reduce the sensitivity of systems
(such as the magnocellular or transient system) which
detects the stimulus transients but would leave largely
unaltered the sensitivity of systems which respond to
the sustained stimulation (e.g. the sustained or parvo-
cellular system). Another way would be to compare
sensitivity to stimuli having sharp onsets and offsets
with the sensitivity to ramped stimuli (Breitmeyer &
Julesz, 1975). Ramping the stimuli selectively reduces
the potency of the stimulus for the magnocellular sys-
tem. This technique was used by Gross-Glenn et al.
(1995) to support the assertion that the low spatial
frequency stimuli in their study were actually detected
by the magnocellular system. If one cannot provide
evidence to indicate that a particular stimulus is medi-
ated by the magnocellular system one could at least
provide data to indicate that stimuli supposed to stimu-
late magnocellular and parvocellular systems are being
detected by two different subsystems. Evidence for this
could be provided by establishing that the two stimuli
can be discriminated at the detection threshold (Watson
& Robson, 1981).
There is also room for considerable improvement in
the area of the diagnosis of dyslexia. For instance,
many studies have relied on only a difference between
reading age and chronological age to diagnose dyslexia.
The most generally accepted methods of diagnosis use
discrepancy scores which take account of the fact that
there is a positive correlation between intelligence and
reading performance. Based on this correlation one can
predict reading performance for a particular intelligence
score. ‘Discrepancy scores’ refer to the size of dis-
crepancy between an individual’s actual reading perfor-
mance and the performance predicted from the
individual’s intelligence. Further refinements along
these lines take account of regression toward the mean.
A detailed discussion of this topic is beyond the scope
of the present review. Relevant discussions can be
found in the articles by Cone and Wilson (1981), For-
ness, Sinclair and Guthrie (1983), Reynolds (1984–
1985) and Evans (1990). An issue of special interest in
this regard is the questions of sub-types of dyslexia. It
may be that the discrepancy (or part of it) between the
studies may be resolved in terms of sub-types of
dyslexia. The work of Borsting et al. (1996) has sug-
gested that some of the discrepancies may be accounted
for in this way. However, it seems that all the dis-
crepancies among the data cannot be accounted for in
this manner. With regard to future research along this
path there is cause for some caution as the diagnosis of
subtypes of dyslexia is not without problems. However,
if the diagnostic issues were resolved this could become
a very interesting area of research.
The present survey has focused only on contrast
sensitivity studies. There may be other tests which give
more unequivocal support for a magnocellular deficit.
Lately there has been some focus on studies involving
perception of movement (Eden et al., 1996; Cornelissen
et al., 1995, 1998). Perception of movement is consid-
ered to be closely connected with extra-striate cortical
Area MT (middle temporal area also known as V5)
(Newsome & Pare´, 1988; Newsome, Shadlen, Zohary,
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cates this issue since it is very difficult to stimulate only
the magnocellular system when using these stimuli. This
is illustrated in Fig. 4.
Regarding the possibility of a cortical (i.e. extrastri-
ate) deficit, the recent work of Eden et al. (1996) using
functional magnetic resonance imaging (fMRI) is of
particular interest. In this study reduced activity in a
motion sensitive extrastriate area (MT) of the visual
cortex was found in dyslexic individuals. However,
there appeared to be no deficits in area V1. Had the
deficit in the motion area been the result of a subcorti-
cal magnocellular deficit, this deficit would presumably
have been passed to MT through V1. In which case one
would have expected to see deficits also in V1. The fact
that this was not observed may suggest that the deficits
Britten & Movshon, 1995). Area MT receives a sub-
stantial portion of its input from lamina 4b of Area V1
(Lund, Lund, Hendrickson, Bunt & Fuchs, 1976;
Movshon & Newsome, 1996). Lamina 4b of V1 in turn
receives substantial input from both the magnocellular
and the parvocellular systems (the recent work of
Sawatari and Callaway, 1996, indicates that the input
from the parvocellular system to area MT is larger than
had previously been assumed and as had been described
by Merigan and Maunsell, 1993). Thus, a deficit in
motion perception uncovered using a stimulus which
has the potential to activate both the magnocellular and
the parvocellular systems (meaning the vast majority of
suprathreshold luminance stimuli, including random
dots, see Fig. 4) cannot unambiguously be attributed to
the magnocellular subcortical pathway as the deficit
could be parvocellular or could be of cortical origin (i.e.
not of subcortical origin at all, see below). That is to
say, it could be neither magnocellular nor parvocellular.
The use of stimuli of drifting random dots (Cornelis-
sen et al., 1995, 1998; Eden et al., 1996) further compli-
Fig. 4. Representations, in frequency space, of a drifting stimulus
relative to theoretical magnocellular and parvocellular systems. (A)
The case of a 1-D stimulus (e.g. bars or gratings). A rapidly drifting
(i.e. moving translationally) stimulus has its energy along a straight
line (solid line) in spatio-temporal frequency space: Each component
modulates at a temporal frequency proportional with its spatial
frequency. The faster the drift the higher is the coefficient of propor-
tionality. That is to say, the steeper is the line representing the
relationship between the temporal and spatial frequencies of the
stimulus. The spectral receptive fields of the magnocellular and the
parvocellular systems are depicted as ellipses. The magnocellular
system is centered at low spatial frequencies and high temporal
frequencies, whereas the parvocellular system is centered at high
spatial frequencies and low temporal frequencies. By using a rapidly
moving stimulus (depicted by a solid straight line) it may be possible
to activate only the magnocellular system. This is illustrated by the
fact that the solid line representing the fast moving stimulus intersects
only the ellipse representing the magnocellular system. Slow drifting
stimuli, on the other hand, activate both systems. This is shown by
the fact that the dashed line representing a slow moving stimulus
intersects both ellipses. These considerations apply to 1-D stimuli.
When drifting 2-D stimuli (such as a pattern of random dots) the
situation is fundamentally different. (B) The relationship between a
fast drifting 2-D stimulus, and the magnocellular and the parvocellu-
lar systems in 3-D frequency space. The stimulus is represented by a
tilted plane (in the case of a random dot stimulus the amplitudes are
evenly distributed throughout this plane). As was the case with the
straight lines in A, the steepness of the plane reflects the drift rate of
the stimulus. The magnocellular and parvocellular systems are each
depicted by a horizontal taurus (i.e. doughnut shaped structure)
surrounding the temporal frequency axis which reflects the fact that
the spatial frequency at any given component 
(x2y2) (for the
sake of clarity only half of each taurus is shown). As can be seen, the
stimulus plane intersects both tauruses. Panels A and B together show
that while it may be possible to stimulate only the magnocellular
system using a drifting 1-D stimulus (panel A), a drifting random dot
pattern will tend to stimulate both the magnocellular and the parvo-
cellular systems (panel B). The reason both systems will be stimulated
is that a random dot pattern has energy at all orientations and
stimulates the two systems at different orientations (for more back-
ground on the 3-D frequency representation of drifting 2-D stimuli
the reader may wish to consult Skottun, Zhang & Grosof, 1994).
Based on these considerations (and on the discussion of the use of
low contrast stimuli, footnote 3) it is very difficult to see how it can
be possible for a truly random pattern of drifting dots (as have been
used by Eden et al., 1996 and Cornelissen et al., 1995, 1998) to
activate only the magnocellular system.Fig. 4.
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are of extrastriate cortical origin (and not of subcortical
origin). (This could be consistent with the work of
Cornelissen et al., 1995, who found deficits in move-
ment perception but not in contrast sensitivity and also
with the results of Demb et al., 1998, who found
significantly reduced speed discrimination in dyslexic
readers but not statistically significant reductions in
contrast sensitivity7.) These considerations indicate that
tests of movement perception not only may not be able
to distinguish between magno- and parvocellular sub-
cortical deficits (as described above), but also that tests
of these kinds may not be able to distinguish between
subcortical and cortical (e.g. extrastriate) deficits. (This
illustrates, as pointed out previously by Skottun, 1997b,
that by remaining focused on a subcortical magnocellu-
lar deficit one runs the risk of excluding other interest-
ing possibilities from consideration.)
These remarks should not be taken to mean that
studies of movement perception in dyslexic readers are
uninteresting or unimportant, but only that it is
difficult to draw conclusions regarding the magnocellu-
lar subcortical systems from these experiments. A prob-
lem with the use of fMRI (and evoked potentials) in the
present context is the need to obtain robust responses.
This requires the use of strong stimuli and activation of
many neurons. At the same time one wants to selec-
tively stimulate only (or mainly) the magnocellular
system (i.e. a subset of the neurons). How to simulta-
neously achieve these two (more or less) conflicting
objectives is not clear. On the other hand, contrast
sensitivity depends only on the subset of neurons which
mediates detection. This may be only a small number of
cells, i.e. the neurons which are the most sensitive under
the given stimulus conditions. We have a relatively clear
idea of how to generate stimuli that selectively activate
the neurons of the magnocellular system. This brings us
back to the main result of the present review, which is
that when researchers have selected stimulus conditions
so that only (or mainly) the magnocellular system is
activated, they have not been able to unequivocally
demonstrate a deficit on the part of dyslexic readers.
Even if there were tests other than contrast sensitivity
for assessing magnocellular function which gave less
equivocal results, one would still have to contend with
the conflicting evidence from the contrast sensitivity
studies. Even if one simply decided to disregard this
body of data one should need a justification for doing
so. The fact remains that the magnocellular deficit
theory has its basis in psychophysical studies of the
transient and sustained systems from the 1970s, many
of which were contrast sensitivity studies. It seems
therefore that to abandon contrast sensitivity studies as
a basis for the magnocellular deficit theory one would
be abandoning an important part of the justification for
the theory itself. For these reasons, it seems, contrast
sensitivity studies continue to play an important part in
the magnocellular deficit theory of dyslexia.
7. Conclusions
The present review has shown that there clearly are
some studies which have found contrast sensitivity re-
ductions which are consistent with a magnocellular
deficit in dyslexia. However, these studies are outnum-
bered by both the studies which have found no loss of
sensitivity and the studies which have found contrast
sensitivity reductions of a nature inconsistent with a
magnocellular deficit. Earlier sweeping claims that there
are ‘consistent differences’ in contrast sensitivity be-
tween dyslexics and controls (Lovegrove et al., 1986a)
and that there is a ‘consistent pattern of lower sensitiv-
ity of specifically reading disabled to low spatial fre-
quencies (1–4 c:deg) than the controls’ (Lovegrove et
al., 1990) are not supported by the present review.
Taken together with the theoretical problems faced by
the magnocellular theory of dyslexia (see Introduction
and Hogben, 1997; Skottun, 1997a,b; Skottun & Parke,
1998) it is becoming increasingly clear that this theory
faces some substantial obstacles.
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